Abstract Asymmetric dimethylarginine (ADMA) is an endogenous inhibitor of nitric oxide synthases that limits nitric oxide bioavailability. Dimethylarginine dimethylaminohydrolase-1 (DDAH1) exerts a critical role for ADMA degradation and plays an important role in NO signaling. In the heart, DDAH1 is observed in endothelial cells and in the sarcolemma of cardiomyocytes. While NO signaling is important for cardiac adaptation to stress, DDAH1 impact on cardiomyocyte homeostasis is not clear. Here we used the MerCreMer-LoxP model to specifically disrupt cardiomyocyte DDAH1 expression in adult mice to determine the physiological impact of cardiomyocyte DDAH1 under basal conditions and during hypertrophic stress imposed by transverse aortic constriction (TAC). Under control conditions, cardiomyocyte-specific DDAH1 knockout (cDDAH KO) had no detectable effect on plasma ADMA and left ventricular (LV) hypertrophy or function in adult or aging mice. In response to TAC, DDAH1 levels were elevated 2.5-fold in WT mice, which exhibited no change in LV or plasma ADMA content and moderate LV hypertrophy and LV dysfunction. In contrast, cDDAH1 KO mice exposed to TAC showed no increase in LV DDAH1 expression, slightly increased LV tissue ADMA levels, no increase in plasma ADMA, but significantly exacerbated LV hypertrophy, fibrosis, nitrotyrosine production, and LV dysfunction. These findings indicate cardiomyocyte DDAH1 activity is dispensable for cardiac function under basal conditions, but plays an important role in attenuating cardiac hypertrophy and ventricular remodeling under stress conditions, possibly through locally confined regulation of subcellular ADMA and NO signaling.
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Introduction
Congestive heart failure (CHF) is a major cause of morbidity and mortality in developed countries and is a major threat to human health worldwide. The common risk factors or causes of CHF include prolonged high blood pressure (chronic hypertension), myocardial infarction (heart attack) due to coronary artery disease, cardiac valve disease, idiopathic cardiomyopathy, myocarditis from inflammation, and congenital heart diseases. Endogenous nitric oxide synthase (NOS) inhibitors asymmetric dimethylarginine (ADMA) and N-monomethyl L-arginine (L-NMMA) compete with Larginine for NOS binding to attenuate nitric oxide (NO) production [6] . As ADMA is more abundant than L-NMMA, most studies have focused on the physiological or pathological effects of ADMA in various biological or clinical conditions. Increased plasma ADMA is a strong and independent predictor of all-cause mortality in the community, and the strongest predictor of mortality in patients with coronary artery disease or myocardial infarction. Importantly, ADMA levels are strongly associated with CHF [12, 25, 37] , and the major risk factors of CHF such as hypertension, coronary disease, cardiomyopathy, and diabetes [2, 24, 25, 31] . In addition, experimental studies have shown that infusion of ADMA results in reduced endothelium-dependent coronary vasodilation in heart failure dogs [8] , decreased cardiac output in normal human subjects [1] , and hypertension in mice [17, 23] . Dimethylarginine dimethylaminohydrolase-1 (DDAH1) is the critical enzyme for ADMA and L-NMMA degradation, and DDAH1 does not degrade symmetrical dimethylarginine (SDMA). DDAH1 dysfunction by genetic DDAH1 gene deletion or pharmacological DDAH1 inhibition causes ADMA accumulation and decreased NO signaling [23] . In the heart, DDAH1 is distributed in both vascular endothelial cells and cardiomyocytes [7] . While previous studies have demonstrated that cardiomyocyte eNOS expression exerts protection against pressure overload-induced ventricular remodeling through maintaining compartmentalized NO signaling in cardiomyocytes, the role of cardiomyocyte DDAH1 in regulating cardiac hypertrophy and heart failure development is unknown. Here we studied the effects of cardiomyocyte-specific DDAH1 KO (cDDAH1 KO) on LV hypertrophy and dysfunction in mice under control conditions and after transverse aortic constriction (TAC). We also studied the effect of cDDAH1 KO on LV hypertrophy and function in mice during the aging process. Our data indicate an important role for cardiomyocyte DDAH1 in protecting the heart against TAC-induced ventricular hypertrophy and dysfunction.
Materials and methods
An extended Materials and methods section can be found in the online-only Data Supplement.
Animals and experimental protocol
The experimental studies in mice were approved by the Institutional Animal Care and Use Committee at the University of Minnesota.
Generation of inducible cardiomyocyte-specific DDAH1 KO mouse strain
Adult DDAH1
flox/flox mice [17] and a-MHC MerCreMer mice [33] were used for generating DDAH1
flox/flox /a-MHC MerCreMer and DDAH1 flox/flox (Fig. 1a) . DDAH1
flox/ flox /a-MHC MerCreMer and DDAH1 flox/flox were given 4-hydroxytamoxifen (Sigma) at 20 mg/kg per day for 12 intraperitoneal injections as we previously described [13] .
Measurement of ADMA, symmetrical dimethylarginine, and L-arginine content
Tissue and plasma ADMA, SDMA and/or L-arginine were measured using a high-throughput liquid chromatographictandem mass spectrometric method as previously described [17, 32] .
Measurements of LV hemodynamics
At the end of the study protocol, mice were anesthetized with 2.5% isoflurane. Mice were intubated with a 20-gauge Teflon tube attached to a MiniVent type 845 mouse ventilator (Hugo Sachs Elektronik) (ventilator settings: breathing frequency, 80 breaths per minute; pressures, 9/0 cmH 2 O; inspiratory/expiratory ratio, 1:1). LV hemodynamics were determined using a 1.2-F pressure catheter (Scisense Inc, Ontario, Canada) as previously described.
Histological staining, and evaluation of LV fibrosis
For histological staining, tissues were sectioned to 5 lm. LV sections were stained with Sirius Red (Sigma) for detection of fibrosis and FITC-conjugated wheat germ agglutinin (Invitrogen) to evaluate myocyte size. The percent LV fibrosis was determined using method as previously described [33] . For mean myocyte size, the cross-sectional areas of at least 120 cells per sample and at least 5 samples per group were averaged.
Data and statistical analysis
All values were expressed as mean ± standard error. Data from two groups were compared using an unpaired t test. Two-way ANOVA was used to test for differences between KO and wild-type animals under control conditions and after TAC. Post hoc pairwise comparisons were made using the Fisher's least significant difference test. Statistical significance was defined as p \ 0.05.
Results

DDAH1 interacts with eNOS
While studies have demonstrated that DDAH1 plays a critical role in degrading endogenous NOS inhibitor ADMA, an independent risk factor associated with CHF, hypertension, and coronary heart diseases, the role and mechanism of DDAH1 in regulating myocardial function is largely unknown. DDAH1 is abundantly expressed in areas of vascular endothelial cells, and moderately expressed on the sarcolemma and the intercalated disks on cardiomyocytes (Supplemental Figure 1A) . We also observed that DDAH1 predominantly localizes to the sarcolemma of neonatal cardiomyocytes (Supplemental Figure 1B) . To determine whether DDAH1 may localize within the same compartment as eNOS or interact with eNOS to maintain compartmentalized NO signaling in cardiomyocytes, we tested DDAH1 and eNOS interaction by immunoprecipitation of DDAH1 followed by western blot for eNOS in cardiac tissues from pig, mouse and rats. As shown in Fig. 1c , eNOS co-immunoprecipitated with DDAH1 (Supplemental Figure 1C ). Immunoprecipitation of eNOS followed by western blot for DDAH1 further confirmed the association of eNOS and DDAH1 in cardiac tissue (Supplemental Figure 1D ).
Generation of inducible cardiomyocyte-specific DDAH1 (cDDAH1) KO mice
Since DDAH1 binds to eNOS, and since eNOS expressed in cardiomyocytes is important in protection against TAC or infarction-induced cardiac remodeling and dysfunction [5, 21, 29] , we postulated that DDAH1 distributed in cardiomyocytes may protect the heart against pressure overload-induced cardiomyopathy by preserving compartmentalized NO signaling in cardiomyocytes. Consequently, an inducible cardiomyocyte-specific DDAH1 KO strain was generated using a strategy illustrated in Fig. 1a flox/flox mice were given 4-hydroxytamoxifen at 20 mg/kg per day for 12 injections. To confirm the efficacy of cardiac-specific DDAH1 gene deletion, adult cardiomyocytes were isolated from cardio-DDAH1 KO mice and control wild-type mice *6 weeks after the last injection of 4-hydroxytamoxifen. Western blot demonstrated that DDAH1 expression was reduced over 89 ± 7% in cardiomyocytes isolated from cDDAH1 KO mice (p \ 0.05 as compared with wild-type group) (Fig. 1b) .
cDDAH1 KO had no detectable effect on LV structure and function in mice under control conditions cDDAH1 KO over 3 months had no detectable effect on LV weight, left atrial (LA) weight, lung weight, right ventricular (RV) weight, right atrial (RA) weight, and their ratios to body weight in both male mice ( Fig. 1d-g ; Table S1 ). Echocardiography demonstrated that inducible cardiac-specific DDAH1 KO had no detectable effect on LV ejection fraction (78.0 ± 2.03% in wild-type versus 76.9 ± 1.14% in cDDAH1 KO mice), LV fractional shortening (40.2 ± 1.83% in wild type versus 38.9 ± 1.05% in cDDAH1 KO mice), LV end systolic diameter (2.36 ± 0.14 mm in wild type versus 2.43 ± 0.10 mm in cDDAH1 KO mice), and LV end diastolic diameter (3.91 ± 0.13 mm in wild type versus 3.97 ± 0.11 mm in cDDAH1 KO mice) in male mice as compared with the wild-type littermates under control conditions ( Fig. 2; Table S1 ). These data indicate that cDDAH1 KO has no significant impact on LV structure and function under unstressed conditions.
Cardiomyocyte-specific DDAH1 KO exacerbated TAC-induced cardiac hypertrophy eNOS deficiency does not cause LV dysfunction or cardiac hypertrophy under basal conditions, but does exacerbate cardiac hypertrophy and dysfunction in response to aortic banding [21] . Therefore, we further studied the effect of cDDAH1 KO on LV hypertrophy and dysfunction in male mice exposed to pressure overload produced by 8 weeks TAC. Chronic TAC causes LV hypertrophy and dysfunction. LV dysfunction causes an increase in LV diastolic pressure that leads to LA hypertrophy, lung remodeling and ultimately right ventricular hypertrophy or dysfunction [7, 26] . Therefore, TAC-induced CHF can be objectively evaluated by the progressive development of LA hypertrophy, increase of lung weight, and RV hypertrophy [7] . TAC-induced mortality rate was similar in wild type and cDDAH1 KO mice (Fig. 1c) . cDDAH1 KO did not affect bodyweight in mice after TAC or under control conditions (Table S1 ). Interestingly, cDDAH1 KO significantly exacerbated TAC-induced LV hypertrophy, LA hypertrophy, lung congestion and RV hypertrophy, as indicated by significant more increases of the ratio of LV weight to bodyweight (5.62 ± 0.27 mg/g in wild type versus 6.56 ± 0.29 mg/g in cDDAH1 KO mice, p \ 0.05), the ratio of LA weight to bodyweight (0.32 ± 0.04 mg/g in wild type versus 0.58 ± 0.13 mg/g in cDDAH1 KO mice, p \ 0.05), and the ratio of lung weight to bodyweight (6.05 ± 0.49 mg/g in wild type versus 9.16 ± 1.13 mg/g in cDDAH1 KO mice) ( Fig. 1d-f ; Table S1 ). TAC for 8 weeks also caused a greater increase of the ratio of RV weight to bodyweight (1.00 ± 0.74 mg/g in wild type versus 1.37 ± 0.12 mg/g in cDDAH1 KO mice, p \ 0.05) in cDDAH1 KO mice as compared with wild-type mice ( Fig. 1g; Table S1 ). The ratios of LA weight, lung weight and RV weight to tibial length were also significantly increased in cDDAH1 KO mice as compared with wildtype mice (Supplemental Figure 3) . In addition, our pilot study in a small number of female mice also showed that cDDAH1 KO tended to exacerbate TAC-induced LV hypertrophy and dysfunction (data not shown).
cDDAH1 KO exacerbated TAC-induced LV dysfunction, cardiomyocyte hypertrophy, and LV fibrosis in mice Echocardiography showed that TAC caused significant declines in LV ejection fraction and LV fractional shortening in both cDDAH1 KO and wild-type mice as compared with corresponding control groups, while cDDAH1 KO mice showed significantly greater reduction of LV ejection fraction (55.8 ± 3.25% in wild type versus 45.0 ± 2.00% in cDDAH1 KO mice, p \ 0.05) and LV fractional shortening (24.6 ± 2.04% in wild type versus 18.3 ± 0.99% in cDDAH1 KO mice, p \ 0.05) in comparing with wild-type control littermates ( Fig. 2 ; Table S2 ). TAC caused significant increase of LV end systolic diameter and end LV diastolic diameter in both wild type and cDDAH1 KO mice, but cDDAH1 KO mice exhibited significantly greater LV end systolic diameter (3.52 ± 0.18 mm in wild type versus 3.93 ± 0.14 mm in cDDAH1 KO mice, p \ 0.05) ( Fig. 2a; Table S2 ). cDDAH1 KO did not exacerbate TAC-induced increase of LV end diastolic diameter (4.65 ± 0.15 mm in wild type versus 4.80 ± 0.14 mm in cDDAH1 KO mice) ( Fig. 2b ; Table S2 ).
Histological examination demonstrated that cDDAH1 KO had no impact on LV cardiomyocyte size or LV fibrosis under control conditions (Fig. 3a, b) . TAC caused a significant increase of LV fibrosis, perivascular fibrosis and cardiomyocyte hypertrophy in both wild type and cDDAH1 KO mice (data not shown). The TAC-induced increases in LV fibrosis and cardiomyocyte cross-sectional area were significantly greater in cDDAH1 KO hearts (Fig. 3c, d ).
cDDAH1 KO exacerbated TAC-induced increases of ANP and 3 0 -nitrotyrosine in mice
Western blots were performed to examine expression of overall LV DDAH1, eNOS, as well as atrial natriuretic peptide (ANP) and 3 0 -nitrotyrosine, two biochemical markers often associated with LV hypertrophy and dysfunction. Interestingly, cDDAH1 KO caused no detectable change of the overall LV DDAH1 expression under control conditions, suggesting a potential compensatory increase of endothelial DDAH1 expression in this strain. TAC caused a 2.6-fold increase of LV DDAH1 in wild-type mice, and the TAC-induced DDAH1 induction was abolished in cDDAH1 KO mice (Fig. 4b) . cDDAH1 KO also caused 36% compensatory increase of LV eNOS content under control condition which was maintained after TAC (Fig. 4a, c, p \ 0.05) . Under control conditions, cDDAH1 KO did not significantly affect LV ANP and 3 0 -nitrotyrosine levels (Fig. 4a-e ), but these stress markers were significantly elevated in cDDAH1 KO hearts exposed to TAC as compared to WT hearts (Fig. 4a, d, e) . eNOS expression was equivalent in WT and cDDAH KO mice exposed to TAC (Fig. 4c) .
cDDAH1 KO did not affect plasma ADMA content but caused a significant increase of LV ADMA content after TAC We found cDDAH1 KO had no detectable effect on plasma ADMA content under control conditions and after 8 weeks TAC (Fig. 5a ). While cDDAH1 KO had no detectable effect on plasma SDMA under control conditions as anticipated, to our surprise, plasma SDMA content was significantly increased in both wild-type and cDDAH1 KO mice after TAC (Fig. 5b) . TAC had no effect on LV tissue ADMA content, but significantly increased LV ADMA content in cDDAH1 KO mice (Fig. 5c ). TAC caused a (Fig. 5d) . TAC did not affect LV L-arginine content in wild type and cDDAH1 KO mice (Fig. 5e ).
cDDAH1 KO had no effect on LV hypertrophy and function in middle-aged mice under control conditions
To determine whether cDDAH KO also exerts protection against age-related LV hypertrophy and dysfunction, we measured cardiac hypertrophy and function in both middleaged cDDAH1 KO and wild-type littermate. The results demonstrated that cDDAH1 KO had no detectable effect on the ratio of LV weight to bodyweight (3.72 ± 0.18 mg/ g in wild type versus 3.77 ± 0.18 mg/g in cDDAH1 KO mice), the ratio of LA weight to bodyweight (0.12 ± 0.02 mg/g in wild type versus 0.14 ± 0.02 mg/g in cDDAH1 KO mice), the ratio of RV weight to bodyweight (0.90 ± 0.03 mg/g in wild type versus 0.95 ± 0.03 mg/g in cDDAH1 KO mice) in male mice at age 12-14 months ( Fig. 6a-e ; Table S3 ). Similar results were also observed in female mice at age of 13-14 months (Table S4 ). cDDAH1 KO also had no detectable effects on lung weight, liver weight, kidney weight, and spleen weight, as well as their ratios to bodyweight in both male and female mice (Tables S3, S4) .
Echocardiography demonstrated that cDDAH1 KO had no detectable effect on LV ejection fraction (78.4 ± 1.65% in wild type versus 79.9 ± 1.56% in cDDAH1 KO mice), LV fractional shortening (40.2 ± 1.55% in wild type versus 41.6 ± 1.61% in cDDAH1 KO mice), LV end diastolic diameter, and LV end systolic diameter in these middleaged male mice ( Fig. 6 ; Table S6 ). LV hemodynamics showed that cardio-DDAH1 KO caused no changes of mean aortic pressure, LV dP/dtmax and LV dP/dtmin in these middle-aged mice ( Fig. 6 ; Table S7 ). cDDAH1 KO also had no detectable effect on LV ejection fraction, LV fractional shortening, LV end diastolic diameter, LV end systolic diameter in female mice ( Fig. 6 ; Table S6 ).
Discussion
The major finding of this study is that inducible cardiomyocyte-specific DDAH1 gene deletion in mice had no observable effects on cardiac structure or function under control conditions, but dramatically exacerbated pressure overload-induced LV hypertrophy and dysfunction. Furthermore, the disruption of cardiomyocyte DDAH KO did not increase plasma ADMA levels or blood pressure, and only modestly increased LV tissue ADMA levels, suggesting DDAH1 exerts actions specifically within cardiomyocytes which facilitate adaptation to hemodynamic overload.
ADMA levels are strongly associated with CHF and common risk factors for CHF. ADMA occurs in hypertension [34] , coronary disease, and cardiomyopathy [3, 15] . Elevated plasma ADMA levels are also associated with an increased risk for developing myocardial infarction or cardiac death [4] . Using global DDAH1 KO mice, previous studies indicate that moderate, chronic increase of ADMA alone does not independently induce LV dysfunction in mature adult mice under unstressed control conditions. However, chronic accumulation of ADMA in global DDAH1 KO causes reduced vascular NO production, moderate hypertension, and diminished acetylcholine-induced vasodilatation [16, 23] . ADMA accumulation in global DDAH1 KO mice or endothelial-specific DDAH1 KO mice also results in reduced angiogenesis and impaired vascular injury repair capacity [11, 39, 40] . Conversely, overexpression of DDAH1 results in decreases of plasma and tissue ADMA levels, which was associated decrease of systemic blood pressure [10] , increase of insulin sensitivity [35] , increase of angiogenesis [19] , and reduced high fat diet induced atherosclerosis [38] . Since blood pressure, angiogenesis, atherosclerosis, coronary artery disease all contribute to CHF development and progression, DDAH1 is expected to modulate heart failure development at least partially through modulating systemic ADMA metabolism and the overall cardiovascular NO bioavailability [25] . Our finding that cardiomyocyte-specific DDAH1 KO still exacerbates cardiac hypertrophy and LV dysfunction in absence of changes in plasma ADMA and only mildly increased LV tissue ADMA suggests that cardiomyocyte DDAH1 exerts systemic ADMA independent protective effects or that DDAH1 protects against deleterious effects of cardiomyocyte-derived intracellular ADMA. The main source of ADMA and SDMA is degradation of proteins containing methylated arginines. Cardiac hypertrophy involves intracellular and extracellular remodeling processes that promote degradation and rebuilding of structural proteins. Our finding that plasma ADMA levels did not increase in response to TAC and that cDDAH1 KO only caused a moderate increase of LV ADMA in mice after TAC may be due to the fact that DDAH1 is strongly expressed in myocardial endothelial cells. ADMA produced by hypertrophying cardiomyocytes could be rapidly degraded by surrounding myocardial endothelial cells or rapidly taken into the circulation and degraded by DDAH1 in other tissues. The increased LV ADMA levels observed in cDDAH KO mice after TAC may represent the specific change in cardiomyocyte intracellular ADMA, before it is degraded outside of cardiomyocytes or removed into the circulation. Unfortunately, the measurement of intracellular ADMA in cardiomyocytes in LV tissue is not possible now.
Unlike ADMA, SDMA is not degraded by DDAH1 [17] and is mainly removed through renal excretion. While plasma ADMA levels did not change in response to TAC, plasma and tissue SDMA levels were elevated in both WT and cDDAH KO mice. Thus, it is likely that increased cardiomyocyte protein degradation (or arginine methylation) induced by hypertrophic remodeling elevates production of both ADMA and SDMA levels, but ADMA is rapidly degraded by DDAH1. The further increase of SDMA observed in cDDAH KO mice may represent the greater hypertrophy and remodeling observed in these hearts. While many studies have focused on ADMA as a cardiovascular risk factor, several recent studies have demonstrated that increased SDMA is also a risk factor for mortality and cardiovascular events, as well as a marker of renal failure [28, 30] . However, the direct impact of SDMA accumulation on cardiac hypertrophy and dysfunction cannot be addressed in the present study. The mechanism by which cardiomyocyte DDAH1 disruption exacerbates hypertrophy and LV dysfunction is not clear, but likely involves altered NO signaling. In the heart, eNOS is not only expressed in vascular endothelial cells, but is also expressed on the sarcolemma of cardiomyocytes [14, 18, 20] . The cellular distribution of eNOS in cardiomyocytes is important in protection against pressure overload or infarction-induced LV remodeling and dysfunction [5, 21, 29] . We find that DDAH1 directly interacts with eNOS in cardiac tissues. This close association may have evolved to protect eNOS from inhibition by ADMA and facilitate compartmentalized NO production at the plasma membrane of endothelial cells and cardiomyocytes.
The importance of compartmentalized cardiomyocyte NO signaling in protection against systolic overload-induced LV remodeling has been previously reported. Thus, several previous studies have demonstrated that eNOSderived NO in cardiomyocytes protects against cardiac remodeling and dysfunction under stress conditions such as myocardial infarction, and pressure overload [21, 29] . While eNOS KO was shown to exacerbate TAC-induced LV hypertrophy and dysfunction in mice [21] , cardiomyocyte-restricted restoration of eNOS (over-expressing eNOS in eNOS KO mice) reversed the exacerbated TACinduced ventricular remodeling in eNOS KO mice [5] , indicating an important role of NO derived from cardiomyocytes in attenuating TAC-induced LV remodeling and function. In addition, progressive LV hypertrophy, fibrosis, and dysfunction that develops in surviving tissue after myocardial infarction, are exacerbated in eNOS KO mice as compared to wild-type mice [29] , while transgenic mice over-expressing eNOS are protected from myocardial infarction-induced LV remodeling, cardiac death, and dysfunction [21, 29] . NO also regulates cardiac contractility in humans [27] . Moreover, NO promotes cGMP production by activating soluble guanylate cyclase. Increased cGMP production subsequently activates Protein Kinase G and its downstream targets to cause smooth muscle relaxation and vessel dilatation. cGMP is degraded by PDE5 and PDE9A [22, 26, 36] . Studies from us and others have demonstrated that CHF is associated with reduced NO-dependent coronary vessel dilation [8, 9] , increased expression of PDE5 and PDE9A [22, 26] , and reduced cGMP [22, 26] .
While many studies indicate protective effects of eNOS in cardiac hypertrophy, some studies also indicate eNOS has deleterious effects through uncoupling and production of reactive oxygen species [36] . ADMA competes with Larginine for NOS binding to attenuate NO production. By preventing L-arginine binding to NOS, ADMA not only reduces NO formation, ADMA promotes NOS uncoupling to produce superoxide formation. Thus DDAH1 activity may exert protective effects in cardiomyocytes not only by increasing the protective NO/cGMP/PKG signaling, but also by preventing NOS-dependent superoxide production. Our finding that LV nitrotyrosine levels are dramatically increased in cDDAH KO mice is consistent with an increase in cardiomyocyte oxidative stress due to increased cardiomyocyte ADMA and uncoupled NOS.
Interestingly, both cardiomyocyte-restricted eNOS gene deletion and eNOS overexpression had no significant impact on LV structure and function in mice under unstressed condition [5, 21] . Our finding that cardiomyocyte-restricted DDAH1 gene deletion exacerbated TACinduced LV hypertrophy and dysfunction without affecting LV structure and function in mature adult and middle-aged adult mice under control conditions is conceptually consistent with the previous reports that compartmentalized NO signaling in cardiomyocytes exerts protective effects which are only noticeable under stress conditions [5, 21] .
In wild-type mice, we observed that TAC caused 2.6-fold increase of myocardial DDAH1, but this increase was absent in cDDAH1 KO mice after TAC. This finding suggests that pressure overload induces DDAH1 expression mainly in cardiomyocytes. This would support the idea that DDAH1 upregulation is an adaptive response to cardiac hypertrophy and remodeling, presumably to remove ADMA that accumulates during the hypertrophic remodeling process. Interestingly, we also observed a small but significant increase of myocardial eNOS in cDDAH1 KO mice under control condition, which may be a compensatory response to impaired NO signaling in these mice.
In conclusion, our findings indicate cardiomyocyte DDAH1 activity is dispensable for cardiac function under basal conditions, but plays an important role in attenuating cardiac hypertrophy and heart failure under stress conditions, indicating that maintaining ADMA metabolism in cardiomyocytes by DDAH1 is important in protection against development of CHF.
